We report on a method for quantitating the distance dependence of cell-cell interactions. We employ a microchip design that permits a multiplex, quantitative protein assay from statistical numbers of cell pairs, as a function of cell separation, with a 0.15 nanoliter volume microchamber. We interrogate interactions between pairs of model brain cancer cells by assaying for 6 functional proteins associated with PI3k signaling. At short incubation times, cells do not appear to influence each other, regardless of cell separation. For 6 hour incubation times, the cells exert an inhibiting influence on each other at short separations, and a predominately activating influence at large separation. Protein-specific cell-cell interaction functions are extracted, and by assuming pairwise additivity of those interactions, the functions are shown to correctly predict the results from 3-cell experiments carried out under the identical conditions. Cell-cell interactions contribute to processes ranging from immune system activation to the functional behaviors of healthy and diseased tissues to cellular interactions within a tumor microenvironment that can influence tumorigenesis. Such interactions are often inferred via molecular analyses at the transcriptome or proteome level of two or more co-cultured cell types, such as glioma cells and astrocytes 1, 2 , relative to similar analyses of pure cell cultures. In other studies, mixtures of defined cell types are utilized to seed tumors in mice, and the nature of the grown tumor is correlated back to the initial seed composition 3 . More quantitative studies have focused on issues such as how cell-cell contacts and soluble factor signaling influence interactions. For example, Hui and Bhatia utilized mechanically adjustable surfaces to explore the importance of contact and soluble factor signaling between colonies of epithelial and stroma cells 4 . Nelson and Chen utilized micropatterned surfaces to control cell contact and spreading for endothelial and smooth muscle cells, and found that cell-cell contact positively regulates proliferation 5 . This compares to recent optical tracking investigations of cell interactions in epithelial cell cultures, which suggest that mechanical contact and constraints in cell area inhibit cell replication 6 .
We take the physical approach of viewing two cells as two particles. A particle-particle interaction can be quantitated by holding two particles at a fixed separation, measuring a parameter that corresponds to the strength of the interaction, and then repeating that measurement at a different separation, etc., until the functional form is resolved 7 . Knowledge of such interactions, which may switch between attractive and repulsive as a function of separation, can be utilized to understand and predict the structure and other physical properties of particle assemblies 8 . Here we begin to extend this concept towards understanding how two cancer cells influence each other. Because these are cancer cells, we utilize quantitative measurements of the levels of functional cytoplasmic and secreted proteins associated growth factor signaling to capture how tumorigenic activity changes as the distance between two cells is varied. We then extract protein-specific cell-cell interaction functions and use them to accurately predict the protein levels as measured from similarly executed 3-cell experiments.
Single cells are finite systems. This means that a measurement of a specific property from one cell may not yield the same value when it is measured from an otherwise identical cell. Of course, the same holds for a system of two or three cells. Thus, our experiment is designed to capture and yield predictions for statistically representative data sets.
EXPERIMENTAL
The platform utilized here is conceptually similar to our previously published single cell barcode chip (SCBC) 9, 10 , but with major modifications. The concept is to isolate a cell within a microchamber that contains an antibody array ( Figure 1 ). The antibody array provides the capture antibodies for a multiplex sandwich-type enzyme-linked immuno-assay of a panel of secreted, cytoplasmic, or membrane proteins (we detect all 3 types here). The concentration of a protein to be detected is determined by the copy numbers produced by the cell (or cells) within the microchamber, plus the microchamber volume.
The current SCBC was designed to capture how aspects of cell signaling associated with tumorigenesis are influenced by cell-cell interactions. This guided the choice of the assayed panel of proteins (discussed below), and it required many 2-cell experiments, with knowledge of cell-cell separation distance for each of those experiments. This was achieved through a new (valveless) SCBC design that contained many (8700) 0.15 nanoliter volume microchambers ( Figure 1a and Figure S1 , Supporting information), and by loading SCBCs with sufficient numbers of cells to ensure statistical numbers of 0, 1, 2, and 3 cell experiments. Cells are randomly loaded, and the numbers and positions of cells within a given microchamber are measured by microscopy imaging through the transparent microchip. After cell loading, the SCBC is incubated for a period of time, during which certain secreted proteins are captured by designated elements of the antibody array. The cells are then lysed (Figure 1b) and cytoplasmic or membrane proteins are similarly captured (Figure 1c ). The SCBC is dissembled, and a cocktail of detection antibodies is utilized to develop the protein detection arrays. Fluorescence imaging, using an array scanner, is used to digitize the protein assay (Figure 1d ). The fluorescence level of a given protein assay can be compared against a calibration curve (measured using an identical SCBC and spiked solutions of standard proteins) to convert protein levels into copy numbers. A given SCBC experiment thus provides a table of results. Each row corresponds to a microchamber address. The columns contain the numbers and locations of cells, as well as the digitized and calibrated outputs from the protein assays.
The SCBC utilized here involves two advances. First, the antibody array is patterned at significantly higher density. As with prior versions, we start with microfluidic flowpatterning to generate an n-element stripe-structured array of distinct ssDNA oligomers on polylysine coated glass. Previously, this array was converted into an n-element antibody array through DNA hybridization of appropriately labeled capture antibodies 11 . However, here a second DNA flow pattering step is carried out at right angles to the first to yield an n × m array, where n and m are the numbers of microchannels utilized for the two flow patterning steps ( Figure S2 and Figure S3 , supporting information). The flowpatterned ssDNA oligomers are designed so that each n × m array element has a unique molecular identity for localizing an appropriately labeled capture antibody ( Figure S4 , supporting information). See Supporting Tables S1 and S2 for the biomolecular reagents used here. This approach, which was recently reported by us for assembling single cell arrays 12 , allowed for the creation of a 9-element array (7 of which were used here) within each 0.15 nanoliter microchamber.
The second advance involves the molded elastomer component of the SCBC (refer to Figure  1 and Figure S1 , supporting information). Previously, individual microchambers were isolated from each other, and from lysis buffer, using programmable valves. The valves take up significant chip space, and so limit the numbers of experiments per SCBC. The valve-less architecture used here permits some 30-fold more cellular assays than the previous SCBCs that required cell lysis 10 . When the PDMS layer is bonded to the barcode patterned slide, the primary points of contact are PDMS posts. These posts are deformable and compressible under stress. The posts support all of the microchambers in the state where the microchambers are open to the microchannel volumes. This 'Open' state is used for cell loading. By applying slight pressure, the PDMS posts collapse, but the rest of the PDMS structure is only slightly deformed. This Close-I state permits chemical communication between the microchannels and the microchamber, but does not allow the cells to move between those volumes. Additional pressure increases the deformation of the PDMS, completely isolating the microchambers from the microchannels. This is the Close-II state, and it is used for cell incubation. The pressure required to access these various states can be estimated by correlating an adjustment screw position with microscopic imaging. For the Open state, cells and food dye can flow between the microchambers and microchannels. For the Close-I state, only food dye can flow between these volumes.
For each microchamber, 6 array elements assayed for 6 functional proteins, with a 7 th spot providing an alignment marker ( Figure. 1d ). The sensitivity of each protein assay is antibody limited, but typically approaches a few hundred copies per cell (see calibration and crossreactivity data in Figure. S4, supporting information) 10 , which is in the range of relatively rare proteins 13, 14 . We previously demonstrated that the measurement error for similar single or few-cell experiments is 10% or less 10 , and that data sets collected across different microchips, but for otherwise identical experiments, are statistically indistinguishable 9 .
We assayed for 3 cytoplasmic phospho-proteins (phospho(p)-Erk, p-s6k, and p-Akt), one phosphorylated receptor tyrosine kinase (p-Epidermal Growth Factor Receptor (p-EGFR)), and two secreted proteins (interleukin(IL)-6 and Vascular Endothelial Growth Factor (VEGF)). Calibration (and cross-reactivity) curves were utilized to convert the assayed fluorescent levels for each protein ( Figure S4 , Figure S5 , Supplementary Information) into copy numbers per cell. These proteins are associated with growth factor-induced PI3k signaling, and their levels may be interpreted as a measurement of signaling activity 15, 16 . We studied U87 EGFRvIII cells 17, 18 , which are representative of certain GBM tumors that contain the EGFR variant III oncogenic protein. EGFRvIII renders the cells constitutively active, but still responsive to growth factor stimulation 10 . We validated the platform using both T cells (see below) and the isogenic U87 cell line with and without Epidermal Growth Factor (EGF) stimulation. Those cells are not constitutively activated, but EGF stimulation provides a sort of surrogate for the EGFRvIII oncogene ( Figure S6 , S7, supporting information).
A statistically significant data set of 1-, 2-, and 3-cell assays (plus 0-cell controls) can be collected in a single experiment (Figure 1e) . Such data will contain around 1500, 2000, 500, and 150 0-, 1-, 2-, and 3-cell assays, respectively. The 0-cell data provides a measurement of the protein background levels. The 1-cell data yields a measurement of a single cell, unperturbed by any additional cells. For the 2-cell assays, we bin the data into 5 ranges of cell-cell separation (spanning from 0-150 μm), with ~100 experiments per range. The 3-cell data is used to test predictions from the 2-cell data.
We carried out two types of experiments. For the first, the cells are loaded onto the chip, and held just long enough (~30 min) to permit imaging to catalogue the numbers and locations of cells in each microchamber. The cells are lysed, and the proteins assayed. The second type of experiment is carried out identically, except that the cells are incubated on-chip in a CO 2 incubator at 37°C for 6 hours prior to lysis. We are interrogating secreted proteins and phosphorylated kinases associated with phosphoinositide-3-kinase (PI3k) signaling. The activation (phosphorylation) of the assayed proteins, or the stimulation of protein secretion, is a relatively rapid process once the cells have been exposed to appropriate growth factors 19 . Based upon the cellular production of growth factors, we estimated that 6 hours was sufficient to interrogate the influences of cell-cell induced signaling. We find, for example, that VEGF and IL6 are readily detected from single cells following the 6 hour incubation, but not after a 30 minute incubation. The cells are also spread out and adherent after 6 hours, but not after 30 minutes. For proteins up to 100 kDa size (growth factors are typically < 10 kDa), diffusion times across the length of a microchamber are 150 seconds or less 20 .
Molecular signatures of the distance-dependent interaction between two U87 EGFRvIII cells are presented in Figure 2a and 2b for the 6 hour and 30 minute incubation experiments. The 2-cell data is normalized by the 1-cell data. Thus, for Figure 2a and 2b the y-axis value of 1.0 corresponds to where the average amount of protein in the 2-cell experiments equals twice the 1 cell average. When average protein levels from 2 cells are below (or above) 1.0, the implication is of signaling inhibition (or activation) relative to isolated single cells. A more complete statistical representation of these data may be found in Figure S8 , supporting information.
The key result of Figure 2a is that, when two U87 EGFRvIII cells are incubated for 6 hours in close proximity, the interaction is inhibitory: signaling activity is reduced by between 1.5 -2.5 fold, depending upon the protein. At large separations (120-150 μm), the protein levels (except p-S6k) have risen to at or above those observed for two isolated cells, implying mostly activating interactions. No such distance dependence is seen for 2 cells incubated for 30 minutes ( Figure. 2b) . Cell contacts are not always visible from the fluorescent images (Figure 1a) . However, it appears that most cells closer than 60 μm have contacts, while cells >90μm apart do not. Thus, we may be observing a form of contact inhibition. IL-6, which exhibits the largest amplitude changes, is a growth and survival factor in human GBM cells, and can promote their invasiveness 21 . Thus, when the cells are out of contact, IL-6 may be produced to promote cell growth. This is consistent with the strong increase in p-EGFR levels, which likely indicates increased levels of growth factor signaling (EGF secretion) at large separation distances. Secreted proteins, from nonadherent T-cells incubated for 6 hours, were similarly assayed ( Figure S7 , supporting information) as a control experiment. Those cells move within their respective microchambers during the course of the experiment, and so would not be expected to yield a distance-dependence in the assayed protein levels, which is what was found.
We can quantitate how protein interactions are influenced by cell separation. The assayed proteins are associated with a common signaling network, and play various roles as upstream or downstream regulators of each other. Since we are measuring the whole panel of proteins from each microchamber, we have a direct measurement of protein-protein correlations ( Figure S6 ; Table S3 , supporting information). For the 30 min incubation assay, the proteins are not highly correlated; only 1 pair has a correlation coefficient above 0.4. For the 6 hour assay almost all protein-protein interactions, regardless of cell separation, exhibit correlation coefficients above 0.6. Those correlations increase by about 10% with increasing separation, likely indicating growth factor signaling. The amplitude and composition of the eigenvectors of the protein-protein covariance matrix can be calculated to reflect the signaling network coordination. In Figure. 2c are pie-charts representing the composition of the three dominant (out of 6) eigenvectors, as a function of cell-cell separation, along with a similar analysis for the 1-and 3-cell data, all representing 6 hour incubation. The eigenvectors for the single cells are largely single-component, indicating little coordinated signaling. For the 2-cell data, the eigenvectors reflect a much higher level of coordination. While the composition of those eigenvectors is similar at the narrowest and largest separations, it differs at the intermediate 60-90 μm distance, with p-S6k playing a strong role only within this distance range.
Analysis of the data from the minimum on-chip incubation time experiment ( Figure S9 , supporting information) reveals that the signaling network coordination exhibits little distance dependence, and the two-cell and one-cell eigenvector compositions are similar. These data imply that these cells are more strongly influenced by their time in the cell culture dish, rather than the microchambers. The opposite is true of the data from the 6 hour incubation experiment.
The distance-dependent behaviors seen in the 2-cell, 6 hour incubation experiments do not exert an influence on the locations of the cells within the microchambers ( Figure S10 , supporting information). In other words, the location of the cells is statistical. At longer times, such interactions would likely influence relative cell locations. For example, most densely packed cells would likely be the least proliferative, and so cell-cell interactions might ultimately influence cell organization within a culture dish. We now explore this issue by addressing whether the pairwise cell-cell interactions are additive.
Three cell interactions
Pairwise interactions between particles are often useful for predicting certain bulk properties. For example, many properties of rare gas solids can be successfully estimated from the functional form of the atom-atom interaction potential 22 . Knowledge of the exact origins of the interaction is not required for making accurate predictions, just the functional form. For the GBM cells, there are distinct biomolecular processes influencing the distance dependent behaviors revealed in Figure 2a . However, we choose to ignore those mechanisms, and instead explore the predictive utility of the protein-specific distancedependent functions. To this end, we fitted the data of Figure. 2a to second order polynomials ( Figure S11, supporting information) . With those functions in hand, we predicted the 3-cell microchamber results. The predictions assumed, for cells A, B, and C, that the protein levels of cell A are influenced by the product of the distance dependent interactions with B and C, B is influenced by A and C, and so on. We simulated 10 4 3-cell experiments, with random placement of non-overlapping cells (as supported by the results of Figure S10 , supporting information). We calculated the expected levels of each protein for each simulated microchamber, and then took the average over all simulations (Figure 3) . With the exception of p-S6k, the simulation correctly predicts the 3 cell experiments to within experimental noise.
DISCUSSION
We interrogated the activity associated with PI3k signaling in model U87 EGFRvIII GBM cancer cells, as a function of cell-cell separation. When the cells were incubated for a short time (30 min), cell interactions were not evident. However, after incubating for 6 hours, the cells exert inhibitory influences on each other at small (< 90 μm) intercellular separations, and largely activating influences at larger separations. We fitted pairwise protein-specific cell-cell interaction functions and used them to accurately estimate the protein levels measured from statistical numbers of identically executed 3 cell experiments.
These types of measurements may provide a route towards gaining a deeper understanding of tumor architecture. At the very least, this will require measurements of a number of heterogeneous and homogeneous pairwise cellular interactions of cells culled from an actual tumor. However, it is interesting to note that the results reported here are at least consistent with what has been found for EGFRvIII+ GBM tumors. As Bonavia, et al., (2011) have written, "Paradoxically, despite EGFRvIII's potent ability to enhance tumorigenicity (which is not shared by the wtEGFR), its expression is typically observed only in a subpopulation of cells and almost never in the entirety of the tumor." According to the results found here, we would not expect EGFRvIII+ cells to dominate the entirety of a tumor, since, at high density, the cells would be self-inhibiting. The selection pressure appears to encourage the EGFRvIII+ cells to spread out, which is consistent with the diffuse nature of GBM tumors.
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